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mic reticular neurons would produce animals which, like
the 1g/ mice, are resistant to spike-wave seizures. Making the Pain Connection
Two caveats must be raised with this study: (1) the
specific abolition of typical absence seizures, as pro-
duced by GABAB receptor activation, should be repro- Dorsal root ganglia (DRG) neurons include multiple
duced in other models of absence such as the low-dose types of sensory neurons with well-appreciated ana-
picrotoxin model, and (2) the implication from this study tomical and physiological distinctions. In this issue of
is that T channels in thalamic relay neurons are required Neuron, Chen et al. adds to our molecular understand-
for absence seizures. Although 1g is predominately ex- ing of these differences by reporting that DRG11, a
pressed in thalamus, it is also expressed in cortex (Talley paired homeodomain transcription factor, is specifi-
et al., 1999), suggesting that the effects of 1g knockout cally required for the proper development of pain-
on spike-wave activity cannot yet be totally attributed sensing nociceptive neurons.
to a thalamic locus.
The 1g/mice were fertile and had apparently normal Somatic sensory neurons detect various stimuli from
behavior, suggesting that T channels in thalamic relay peripheral tissues and transmit these signals to their
neurons are not essential for any obvious function. This central targets in the spinal cord. The cell bodies of
contrasts with the fact that T channels are responsible somatic sensory neurons are organized into the DRG,
for bursts in relay neurons during sleep spindles. Indeed, a shared segmented structure lining the torso along the
Kim et al. found that electrical field activity in the spindle spinal cord (Scott, 1992). Somatic sensory neurons are
range (10–12 Hz) was weaker in 1g/ thalami than in functionally heterogeneous: distinct classes of these
that in wild-type animals. Sleep spindles occur in con- neurons recognize painful stimuli (nociception), innocu-
cert with the replay of hippocampal activity patterns ous stimuli such as light touch (mechanoreception), and
that reflect recent experiences, leading to the proposal positional information (proprioception). The neurons
that they play a role in memory consolidation (Siapas serving these distinct modalities can also be classified
and Wilson, 1998). It will be very interesting to explore by their unique target innervations, as well as some
whether 1g/ mice are deficient in sleep, memory con- biochemical and morphological characteristics. For ex-
solidation, and/or sensory processing. ample, proprioceptive neurons are large myelinated
neurons that innervate muscle spindles and Golgi ten-
Vikaas S. Sohal and John R. Huguenard dons peripherally and send central projections to the
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Stanford, California 94305 unmyelinated or lightly myelinated neurons that receive
peripheral cutaneous inputs and densely innervate the
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tablishment of the monosynaptic circuit between a spe-
cific group of Er81-expressing sensory and motor neu-
rons that innervate the same muscle groups (Arber et
al., 2000). In contrast to these other transcription factors,
DRG11 appears to be uniquely required by nociceptive
neurons. Initially cloned from a differential hybridization
experiment aimed at identifying DRG-specific genes,
DRG11 is found in most DRG neurons as they first invade
the spinal cord, and also in the dorsal horn of the spinal
cord itself, the central target area of nociceptive neurons
(see figure) (Chen et al., 2001; Saito et al., 1995). To
begin to explore the potential functions of DRG11, the
authors generated mice containing a mutation in the
Drg11 gene.
Mice lacking DRG11 exhibit dramatic morphological
A Nociceptive Sensory Neuron and Its Projectionsdeficits both in nociceptive sensory neurons and their
DRG11, expressed both in sensory neurons and dorsal spinal cord,central target area, the dorsal horn, suggesting that the
is required for correct central connectons. NGF and trkA are required
expression of DRG11 in both DRG and spinal cord may for nociceptive cell survival and have also been implicated in playing
have mechanistic significance. The authors undertook a role in establishing correct peripheral connections.
a careful analysis of the developmental sequence and
provide evidence that DRG11 is required at multiple
stages and in multiple locations for proper development DRG11-deficient mice represent one of the most dra-
of circuit connectivity. The first notable phenotypes in matic developmental phenotypes specific to the noci-
these animals can be observed in midembryonic devel- ceptive pathway.
opment. Although DRG11 expression can first be de- As might be expected from the severe deficits ob-
tected in the spinal cord at E12–E12.5, there are no served in the nociceptive connectivity of DRG11 knock-
obvious defects in the spinal cord until E15.5, when out animals, these mice are strongly impaired in their
Nissl staining in the dorsal horn appears less dense. response to painful stimuli. The residual nociceptive re-
Despite the subtle alteration in Nissl staining, there were sponse is probably due to the remaining neurons in the
no obvious differences in marker staining until a few dorsal horn of spinal cord that appear electrophysiologi-
days later at E17.5 when cell death and lack of expres- cally normal demonstrating that, to some extent, the
sion of markers such as PKC- could first be detected. nociceptive circuitry is flexible and redundant enough
In addition to the phenotype in the spinal cord, DRG to withstand major anatomical disruptions in both the
projections to spinal cord are also affected in DRG11/ DRG and spinal cord. It is interesting to note that behav-
animals. Normally, cutaneous nociceptive neurons be- ioral studies of adult mutant mice were possible only
gin to extend their central projections at E10.5 and would
after the mutation was crossed onto an outbred (CD1)
enter the spinal cord around E12.5. In the knockouts,
background, allowing some animals to survive to adult-
afferent ingrowth into the spinal cord was delayed. At
hood. In general, careful consideration of these issues
E13.5 very few nociceptive fibers could be seen pro-
is surprisingly rare in the literature, although the effectsjecting into the dorsal horn; while more fibers were visible
of mouse strain on survival and behavior are well docu-in the dorsal horn at E16.5, there was a notable absence
mented (Mogil et al., 2000; Tarantino et al., 2000).of ingrowth specifically into the lateral regions of the
Given the expression of DRG11 in DRG neurons anddorsal horn with medial projections being largely unaf-
dorsal spinal cord, the authors have focused their atten-fected. Together, these results suggest a role for DRG11
tion on the role of this gene in the establishment ofin the initial establishment of connections between the
central projections of nociceptive neurons. Proper func-DRG and dorsal horn. It will be important to establish
tion of this circuit clearly also requires appropriate con-whether loss of DRG11 expression in DRG, spinal cord,
nections to the periphery. Future experiments aimed ator both, causes this phenotype.
assessing peripheral connections of DRG nociceptiveThe anatomy of the dorsal spinal cord appears to
axons in these mice may also prove to informative. Asfurther degenerate during postnatal development, and
with the central projections, we know little about howby adulthood most markers specific to this region are
the peripheral connections of nociceptive neurons areeither completely missing, restricted to smaller areas,
established. One of the few clues into the molecularor misexpressed. For instance, CGRP- and IB4-positive
basis of this process involves the neurotrophins (Pata-sensory neurons are normally nonoverlapping nocicep-
poutian and Reichardt, 2001). Neurotrophins are ex-tors that project to laminae I and IIi, respectively, in
pressed at the targets of DRG neurons and act throughthe spinal cord (Snider and McMahon, 1998). In DRG11
the trk family of receptor tyrosine kinases, the first sub-knockout mice, these two markers are strongly down-
type specific genes expressed by DRG neurons (seeregulated and sometimes colocalized, implying incor-
figure). Neurotrophins and trks are required for the sur-rect target innervation by these neurons. Notably, ven-
vival of DRG subtypes early during differentiation; notrally projecting proprioceptive neurons that presumably
nociceptive DRG neurons develop in trkA null mice. In-express DRG11 appear wild-type in the absence of
terestingly, if the nociceptive neurons are rescued inDRG11, suggesting that the dorsal horn expression do-
trkA mutant mice by a mutation in Bax, they seem tomain of DRG11 is perhaps the most functionally sig-
nificant. Overall, the severe anatomical deficits in form normal central connections while failing to estab-
Neuron
6
lish peripheral connections, implying a role for NGF and The Perception of Inferred Action
trkA in peripheral axonal targeting (Patel et al., 2000).
Clearly, the complete details of axonal targeting of these
neurons is likely to involve additional players along with Our actions, and those of others, are often partly ob-
trkA and DRG11. It is nonetheless tempting to speculate scured from view. This complicates the sensory inputs
that while NGF and TrkA influence peripheral targeting, that guide motor actions. In this issue of Neuron, Umi-
DRG11 represents the other half of the equation and is lita` and colleagues demonstrate that “mirror neurons”
specifically required for correct central axonal targeting in ventral premotor cortex respond when monkeys
of nociceptive sensory neurons. observe hidden, but inferred, actions.
In conclusion, the thorough analysis of DRG11 knock-
out mice has shed light on the development of nocicep-
In the past decades, neuroscientists have attempted to
tive neurons, and the complex phenotype of such mice
delineate the functional elements and associated brain
will no doubt prompt many future experiments, including
regions important for sensory-to-motor integration. Ex-
those using conditional gene targeting approaches,
perimental approaches like single cell recordings in
aimed at pinpointing the time, place, and mechanism of
monkeys, functional imaging studies in humans, as well
action of this protein. Placing DRG11 in a molecular
as neuropsychological studies on patients have pro-
pathway will help bridge the gap between development
duced a picture of a series of processing steps per-
and function in the sensory nervous system. Consider-
formed mostly in parietal and frontal cortex. The areas
ing the perinatal lethality of the null genotype on some
involved appear very similar in humans and monkeys
genetic backgrounds, it is likely that DRG11 plays an
(see, e.g., Bremmer et al., 2001). However, the question
interesting role in non-nociceptive cell types as well.
of where perception ends and action starts has not been
answered yet. Instead, recent experimental evidenceArdem Patapoutian
argues against a sharp border between the two subsys-
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tems. While parietal cortex is considered to be mostly
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Research Foundation eye fields are not purely related to motor preparation or
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more intriguingly, cells in a specific part of the macaque
sensory-motor system have been described that dis-Arber, S., Ladle, D.R., Lin, J.H., Frank, E., and Jessell, T.M. (2000).
Cell 101, 485–498. charge in relation to action—either performed by the
Chen, Z.F., Rebelo, S., While, F., Malmberg, A.B., Baba, H., Lima, animal itself or being performed by another animal (or
D., Woolf, C.J., Basbaum, A.I., and Anderson, D.J. (2001). Neuron the experimenter). These functional properties of the
31, this issue, 59–73. cells have led Rizzolatti, Gallese, and colleagues to coin
Huang, E.J., Zang, K., Schmidt, A., Saulys, A., Xiang, M., and Reich- the term “mirror neurons” (Gallese et al., 1996).
ardt, L.F. (1999). Development 126, 2869–2882. Usually, discharges of these cells, which are located
Ma, Q., Fode, C., Guillemot, F., and Anderson, D.J. (1999). Genes in the ventral portion of the premotor cortex, correlate
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with the performance or perception of grasping or ma-
Mogil, J.S., Yu, L., and Basbaum, A.I. (2000). Annu. Rev. Neurosci. nipulating an object with either the hand or the mouth.
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Interestingly, neither visual inspection of the object
Patapoutian, A., and Reichardt, L.F. (2001). Curr. Opin. Neurobiol.
alone nor imitation of the same action without object is11, 272–280.
effective in driving the cells. In other words, the dis-
Patel, T.D., Jackman, A., Rice, F.L., Kucera, J., and Snider, W.D.
charge of these neurons is strongly related to the “true”(2000). Neuron 25, 345–357.
performance of action. Functional imaging studies re-Saito, T., Greenwood, A., Sun, Q., and Anderson, D.J. (1995). Mol.
cently demonstrated that a representation of action and/Cell. Neurosci. 6, 280–292.
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both types of action performed by a mouth, hand, or
foot determined a somatotopically organized activation
pattern similar to that of the classical motor cortex ho-
munculus. Furthermore, imitation of a previously ob-
served action evoked higher activity levels than perfor-
mance of the same movement instructed by spatial or
symbolic cues. Thus, in humans as in nonhuman pri-
mates, it seems that an internal replica of a perceived
action is automatically generated, represented as if the
subjects were themselves performing that action.
